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Abstract
Cystic fibrosis results from mutations in the cystic fibrosis transmembrane conductance reg-
ulator (CFTR), a cAMP-dependent protein kinase A (PKA) and ATP-regulated chloride
channel. Here, we demonstrate that nucleoside diphosphate kinase B (NDPK-B, NM23-H2)
forms a functional complex with CFTR. In airway epithelia forskolin/IBMX significantly
increases NDPK-B co-localisation with CFTR whereas PKA inhibitors attenuate complex
formation. Furthermore, an NDPK-B derived peptide (but not its NDPK-A equivalent) dis-
rupts the NDPK-B/CFTR complex in vitro (19-mers comprising amino acids 36–54 from
NDPK-B or NDPK-A). Overlay (Far-Western) and Surface Plasmon Resonance (SPR) anal-
ysis both demonstrate that NDPK-B binds CFTR within its first nucleotide binding domain
(NBD1, CFTR amino acids 351–727). Analysis of chloride currents reflective of CFTR or
outwardly rectifying chloride channels (ORCC, DIDS-sensitive) showed that the 19-mer
NDPK-B peptide (but not its NDPK-A equivalent) reduced both chloride conductances.
Additionally, the NDPK-B (but not NDPK-A) peptide also attenuated acetylcholine-induced
intestinal short circuit currents. In silico analysis of the NBD1/NDPK-B complex reveals an
extended interaction surface between the two proteins. This binding zone is also target of
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the 19-mer NDPK-B peptide, thus confirming its capability to disrupt NDPK-B/CFTR com-
plex. We propose that NDPK-B forms part of the complex that controls chloride currents in
epithelia.
Introduction
The importance of epithelial ion transport is highlighted by the disease cystic fibrosis (CF), a
monogenic disorder resulting from mutations in the cystic fibrosis transmembrane conduc-
tance regulator (CFTR, ABCC7). CFTR is best characterized as a dual cAMP/PKA and ATP-
regulated anion channel that is trafficked to the apical (luminal facing) membrane of polarized
epithelia such as gut, airway and reproductive tract [1]. CFTR is also expressed in non-epithe-
lial tissues such as lymphocytes and macrophages [2, 3] and this might explain why clinical CF
disease manifests multiple cellular defects in addition to disrupted epithelial ion transport.
These ‘non-channel functions’ include defective autophagy [4], unchecked inflammation that
fails to resolve [5] and an excess of cancer [6, 7]. The pleiotropic effects of CFTR mutation are
complex and no coherent model explains all aspects of the disease [8]. However, recent evi-
dence show congenital abnormalities in various CF models suggesting defective airway devel-
opment [9].
In 70–90% of CF patients, only one amino acid is deleted on one or both alleles to generate
a F508del-CFTR mutant that folds inefficiently. F508del-CFTR is an ER-associated mutant
that fails quality control and is not delivered to the plasma membrane [10], although there are
data that disagree with this notion [11, 12]. Irrespective of this controversy, should some frac-
tion of F508del-CFTR reach the plasma membrane, its residence time is shortened and the
mutant (unlike wild type CFTR) additionally fails to recycle to the membrane [13]. It is estab-
lished that CFTR does not act alone [8, 14] and recent evidence demonstrates functional roles
for protein complexes bound to CFTR. For example, several transport-inhibitory proteins bind
to CFTR, including syntaxin 1A and AMPKα [15, 16]. Correspondingly, reagents that disrupt
such complexes potentiate CFTR function [17]. In addition, the appellation “regulator” in the
naming of the CFTR channel describes the effect of CFTR mutation on the mis-control of
other ion channels such as the outwardly rectifying chloride channel (ORCC) [18]. Hence, the
signaling complexes and pathways that control CFTR are multiple and remain incompletely
understood [8].
Nucleoside diphosphate kinases (NDPK, nm23, nme) belong to an eight member protein
histidine kinase family divided into two groups (I and II). Only two closely homologous family
members (NDPK-A & B, from group I) have been extensively investigated. As reviewed else-
where, NDPK isoforms found in model systems that are similar to NDPK-A and -B control
endocytosis [19, 20] and tracheal development [21]. These functions are in addition to the well
established catalytic function of group 1 members in the synthesis of non-adenine nucleoside
triphosphates [22–24]. The pleiotropic effects of this protein family on cellular processes
including cell differentiation, growth and development, tumour metastasis and transcriptional
processing are well established [25–27]. NDPK-A and—B share 88% sequence similarity and
are thought to exist as heterohexamers in many cell types [28, 29]. Increasing evidence suggests
that despite their highly homologous nature (their genes lie adjacent to one another), the cellu-
lar actions of NDPK-A & -B isoforms differ substantially. For example, NDPK-B (nme2, or
nm23-H2), but not NDPK-A, binds and phosphorylates the G-protein β-subunit on a histidine
residue (H226) thereby enhancing the basal activity of the G-protein α-subunit [30, 31].
NDPK-B Binds and Regulates CFTR
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Interestingly, regulation of the G protein-coupled receptor (thromboxane A2 receptor, TPβ)
and the calcium dependent potassium channel (KCa3.1) is also specific to NDPK-B [32, 33]. In
this regard, the protein histidine kinase acivity of NDPK-B regulates a calcium-activated potas-
sium channel by direct transfer of its high energy phosphohistidine (on NDPK-B H118) to
another histidine on the channel protein [33]. NDPK-B uses a similar ‘his-his’ energy transfer
mechanism to promote the basal rate of cAMP production found in cells in the absence of G-
protein coupled receptor occupancy [34]. The combined data suggest that distinct regulatory
mechanisms control NDPK-A and -B function in vivo and that isoform NDPK-B is implicated
in signaling events close to the plasma membrane of many different cell types.
We recently demonstrated a functional interaction between CFTR, AMPKα1 and NDPK-A,
[35] which is independent of NDPK-B. These differences between NDPK-A and -B prompted
our interest because heterotrimeric G-proteins regulate CFTR channel activity [36] and there
exists sequence homology between G proteins and the region of the F508del-CFTR mutation
in the first nucleotide binding domain of CFTR (NBD1) [37]. Furthermore, we have previously
demonstrated that in epithelial membranes, NDPK histidine phosphorylation is itself regulated
by both chloride and cation concentration in vitro [38–40]. Previous work has also shown that
NDPK regulates the atrial muscarinic potassium channel but the mechanism is unknown [41].
Since cAMP not only plays a key role in CFTR-dependent chloride transport [42] but also reg-
ulates NDPK in vitro [43, 44], we investigated whether NDPK-B and CFTR might interact
functionally in epithelia in a pathway involving cAMP and/or PKA (see discussion). We report
that cAMP, acting through PKA regulates translocation of NDPK-B from the cytosol to the
apical membrane leading to the formation of a functionally relevant complex between
NDPK-B and CFTR. We demonstrate that the nucleotide binding domain 1 (NBD1, aa 351–
727) of CFTR constitutes an NDPK-B interaction site with CFTR. Thus our data suggest that
NDPK-B is important for the cAMP/PKA regulation of CFTR function.
Materials and Methods
Chemicals and reagents
All chemicals unless otherwise indicated were purchased from Sigma. PVDF membrane was
purchased fromMillipore (Watford, UK), acrylamide and other electrophoretic reagents were
from BioRad (Hemel Hempsted, UK). N-[2-(p-bromocinnamylamino) ethyl]-5-isoquinoline-
sulfonamide (H-89), and myristoylated protein kinase A inhibitor amide 14–22 were pur-
chased from Calbiochem (UK). Peptides (>95% purity) were obtained from Sigma Genosys
(Dorset, UK). Fetal calf serum was purchased from Invitrogen Life Technologies (Renfrew,
Strathclyde, UK).
Cell culture
A wild type human bronchial epithelial cell line (16HBE14o-) [45]was grown in medium 199
containing fetal calf serum as described [46] until confluent. Membrane and cytosolic fractions
were prepared as previously described [47].
Ovine tracheal and human nasal epithelium (HNE)
Membrane and cytosolic fractions from ovine airway epithelia were prepared as described pre-
viously [47]. HNE were obtained as described before from healthy young adults undergoing
surgery for reasons unrelated to nasal mucosal disease [48]. Local ethical committee (Tayside
Committee on Medical Research Ethics) approval and written informed consent were obtained
NDPK-B Binds and Regulates CFTR
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by AM (ref number 11/91). Nasal brushings were suspended in medium 199 until use or stored
in liquid nitrogen.
Expression and preparation of recombinant NBD1 domain
The CFTR fragment comprising the CFTR domains, nucleotide binding domain 1 (NBD1
domain—351 (TRQ>>) to 727 (GIEED)), R-domain -635 (NLQ>>) to 837 (FFDDM)) and
nucleotide binding domain 2 (NBD2, 1151 (IDV>>) to 1360 (LARSV)) were amplified by
PCR using human CFTR cDNA as template. The PCR product was then inserted into Xho1
restriction site of the bacterial pRSET-A plasmid (Invitrogen) carrying a 6xHis sequence
upstream the multiple cloning site or pGEX4T-1 plasmid. The vectors were transformed into
Escherichia coli strain BL21/DE3. The transformants were selected by ampicillin resistance
(100 μg/mL) and the correct positive clones were screened by restriction digestion and their
sequence checked by sequencing. Expression of recombinant proteins was induced by isopro-
pyl β-D-thiogalactopyranoside (IPTG) (100 μM) for 2 hours at 25°C, 180 rpm. The induced
cultures were centrifuged at 9,500 rpm for 20 minutes at 4°C and the bacterial pellet was then
resuspended with lysis buffer (50 mM Tris-HCl, 100 mMNaCl, 10% glycerol, 0.1% NP-40, 1
mM EDTA, 0.1% Triton X-100 and proteases inhibitors). After sonication, the lysates were
centrifuged 30 minutes at 9,500 rpm, 4°C and the supernatants added to a Ni-NTA (Qiagen,
30210)—Sepharose 4B (Sigma, CL4B200) beads mixture for the purification of the His-tagged
proteins or Glutathione Sepharose beads for the purification of the GST-tagged proteins. The
bound proteins were eluted with either Laemmli sample buffer (62.5 mM Tris-HCl, 25% glyc-
erol, 2% SDS, 0.01% bromophenol blue, pH 6.8) plus 5% β-mercaptoethanol, (710 mM) for fur-
ther far-western blot analysis or with HBS-EP buffer (10 mMHEPES, pH 7.4 containing 150
mMNaCl, 3 mM EDTA and 0.005% (v/v) Surfactant P20) for further Surface Plasmon Reso-
nance (SPR) analysis. The quantity and purity of the domains was confirmed by Coomassie
Blue staining of a 12% polyacrylamide gel.
Gut biopsy and short-circuit current measurements
With local ethical committee approval and written informed consent (ref number—04/Q2305/
83), a sheet of stripped intestine was obtained endoscopically from the distal ileum and the
potential difference (PD), SCC and tissue resistance measured using a modified Ussing cham-
ber technique as described previously [49]. Briefly, the sample was mounted in an Ussing
chamber with an aperture of 0.03 cm2 and incubated at 37°C in Krebs bicarbonate saline gassed
with 95% O2/5% CO2. The serosal fluid contained 10 mM glucose and the mucosal fluid 10
mMmannitol, each having a volume of 5 ml. The PD was measured using salt bridge electrodes
connected via calomel half cells to a differential input electrometer with output to a two-chan-
nel chart recorder (Linseis L6512). Current was applied across the tissue via conductive plastic
electrodes and tissue resistance determined from the PD change induced by a 50 μA current
pulse, taking into account the fluid resistance. The SCC generated by the sheets was calculated
from PD and resistance measurements using Ohm's law. The tissue was allowed to stabilize for
10 min after mounting and then readings of electrical activity taken at 1-min intervals. Acetyl-
choline (ACh, 1 mM) was added to the serosal solution after 5 min of basal readings and read-
ings continued for a further 5 min. Glucose (10 mM) was then added to the mucosal solution,
and readings taken for 10 min. Both mucosal and serosal solutions were then replaced with
fresh pre-warmed Krebs buffer. The procedure was repeated for the mucosal solution to
remove all traces of glucose. Peptide (NDPK-A or NDPK-B 36–54, 100 μM) was added to both
mucosal and serosal solutions and after 30 min stabilization, readings were taken for a further
NDPK-B Binds and Regulates CFTR
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10 min. Both mucosal and serosal solutions were then replaced with fresh pre-warmed Krebs
buffer. Glucose (10 mM) was added to the mucosal solution, and readings taken for 10 min.
Immunoprecipitation
Membrane proteins were re-suspended in immunoprecipitation buffer (10 mM Tris-HCl pH
7.4, 2 mM EDTA, 1 mMNaF, 1 mM DTT, 1% sodium deoxycholate, 1% NP-40, 0.3 μM apro-
tonin, 0.2 μM PMSF). The mixture was pre-cleared with protein G-Sepharose beads (30 min at
4°C), centrifuged at 4°C at 350 g for 5 min and the supernatant incubated with primary anti-
body for 60 min at 4°C. New beads were added and the mixture incubated overnight at 4°C.
The incubation mixture was centrifuged at 350 g for 5 min and the pelleted beads washed in 1
ml RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, 5 mM
EDTA, 1M NaCl). This wash step was repeated three times and then 50 μl of 5x Laemmli buffer
containing 100 mM DTT was added to the pellet, boiled for 2 min and finally, spun at 420 g for
5 min. An aliquot (20 μl) was then run on 12.5% polyacrylamide gels and blotted onto PVDF
membrane.
Immunoblotting
Proteins (10–100 μg), separated by SDS-PAGE, were transferred to PVDF membrane (Milli-
pore). Pre-stained markers were used to confirm transfer. The blotted membrane was blocked
with 5% w/v non-fat dry milk and incubated at room temperature for 60 min. The blot was
washed with 1x TBS 0.1% Tween-20 (4 times for 15 min each) and then probed with appropri-
ate primary antibody. The blots were probed with appropriate Horseradish Peroxidase (HRP)
conjugated secondary antibody (1:2000) followed by supersignal™West Pico chemiluminescent
detection (Pierce, UK).
Overlay or far Western assays
Proteins were separated by SDS-PAGE and blotted onto PVDF membranes. The blotted mem-
brane was blocked with 5% w/v non-fat dry milk, following which the cytosol protein (500 μg)
in 1x TBS containing 5% w/v non-fat dry milk was then overlaid onto the membrane and incu-
bated at room temperature for 60 min. The blot was washed with 1x TBS 0.1% Tween-20 (4
times for 15 min each) and then probed with antibody to NDPK-B.
Laser confocal microscopy
HNE were suspended in complete medium 199 and treated with either forskolin (FSK, 10 μm)/
3-isobutyl-1-methylxanthine (IBMX, 100 μM) for 30 min, H-89 (1 μM) or PKI (100 nM) for 5
min prior to the addition of FSK (10 μM)/IBMX (100 μM) for 30 min. Control cells were incu-
bated in complete medium 199 alone. The cells were fixed in 4% paraformaldehyde for 30 min
at room temperature and quenched with 100 mM glycine for 30 min. Cells were then permea-
bilised using 1% Triton X-100 in 1x PBS (pH 7.2) for 30 min at room temperature, washed (x3)
and blocked with 1% BSA for 60 min at room temperature. Cells were incubated overnight at
4°C with primary antibody (1:100 anti-nm23-H2 mouse monoclonal) in PBS for 60 min,
washed (x3) and then incubated with the secondary antibodies [anti-mouse fluorescein isothio-
cyanate (Sigma, UK) and anti-rabbit/goat rhodamine (Santa Cruz, CA)] at 1:100 dilution for a
further 60 min at room temperature. Cells were then washed 5 times with 1x PBS and re-sus-
pended in glycerol (70%). Slides were examined by laser confocal microscopy (LSM-510; Zeiss,
Germany).
NDPK-B Binds and Regulates CFTR
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Biotinylation of surface membrane proteins
Surface biotinylation of glycosylated CFTR was performed as previously described [50] with
some modifications. Briefly, cells grown to confluency were treated with FSK (10 μM)/IBMX
(100 μM) ± PKI (100 nM) for 30 min, washed with ice-cold 1x PBS and then biotinylated using
1mg/ml of EZ-Link sulfo-NHS-SS-biotin for 30 min at 4°C. Free biotin was removed by wash-
ing twice with ice-cold 1x PBS containing 0.1% BSA and then with ice-cold 1x PBS. Cells were
then scraped in ice-cold homogenisation buffer (containing complete protease inhibitor cock-
tails) and sonicated as previously [47]. The lysate was centrifuged at 300 g for 2 min and the
pellet discarded. Pre-washed avidin agarose beads suspended in PBS were added to the super-
natant and incubated for 30 min at room temperature with mild shaking. Avidin-bound com-
plexes were pelleted (350 g) for 2 min and washed five times. Biotinylated proteins were eluted
in Laemmli buffer, resolved by SDS-PAGE, and immunoblotted with appropriate antibody.
Whole cell recordings
Standard patch clamp experiments were used to examine whole cell currents in 16HBE14o-
cells grown on plastic coverslips (Hamill et al., 1981). Coverslips were placed in a Perspex bath
on the stage of an inverted microscope (Olympus IX70) and voltage protocols driven by an
IBM-compatible computer, equipped with a Digidata interface (Axon instruments, USA) and
the pClamp software, Clampex 8.0 (Axon Instruments, USA). A List EPC-7 amplifier was used
to make recordings.
The bath contained Na+ Ringer, which has the composition (in mM): 140 NaCl, 2 CaCl2, 1
MgCl2, 40 mannitol and 10 HEPES (titrated to pH 7.4 with NaOH). The pipette contained (in
mM): 135 CsCl (to inhibit K+ channels), 2 EGTA, 2 MgCl2, 2 Na2ATP and 10 HEPES (titrated
to pH 7.4 with CsOH). Whole cell currents were saved onto the hard disk of the computer fol-
lowing low-pass filtering at 5 kHz. Cell potential was clamped at a holding potential of –40 mV
and then stepped to between +100 and –100 mV, in –20 mV steps. Cell area was calculated
from the capacity transients seen in response to a 20 mV potential step, with membrane capaci-
tance assumed to be 1 μF per cm2. Slope conductances for each cell were calculated over the
appropriate potential ranges; outward (Gout) +100 to +20 mV and inward (Gin) -20 to -100 mV
using Ohms law. To determine the magnitude of previously identified CFTR and DIDS-sensi-
tive Cl- conductances [51], whole cell current magnitude was initially measured and then
500 μMDIDS was added to the bath (OR Cl- channel magnitude) followed by 10 μM
CFTRinh172 (CFTR magnitude) [52].
Before obtaining the whole cell configuration, channels were activated by incubation of cells
with FSK (10 μM)/IBMX (100 μM) for 30 min. When the effect of the peptides was tested, cells
were incubated in the presence of the peptides (100 μM for each) for 30 min before an addi-
tional 30 min in the presence of the peptides plus FSK (10 μM)/IBMX (100 μM). For these
experiments, a separate control dataset was obtained in the absence of peptide. These control
cells were incubated for 30 min in the control solution (no peptides) before the final 30 min
incubation in the presence of FSK (10 μM)/IBMX (100 μM).
Surface Plasmon Resonance (SPR) analysis
The human recombinant nucleoside diphosphate kinase B isoform (NDPK-B) was prepared
and provided by Professor Ioan Lascu. CM5 (carboxyl methyl dextran) sensor chips, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
ethanolamine hydrochloride and NaOH pH 8.5 were purchased from GE Healthcare. The buff-
ers used for the experiments are: immobilization buffer, 10mM sodium acetate buffer pH 4.0 to
NDPK-B Binds and Regulates CFTR
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5,5; HBS-EP buffer, 10 mMHEPES, pH 7.4 containing 150 mMNaCl, 3 mM EDTA and
0.005% (v/v) Surfactant P20.
The CM5 measurements were performed using the BIAcoreTM 3000 optical biosensor (GE
Healthcare) of the PurIProB platform (Inserm U1078, Brest, 29218, France). In accordance
with the pH-scouting wizard, the ligand (NDPK-B), diluted in 10 mM acetate buffers with dif-
ferent pH (4.0, 4.5, 5.0 and 5.5), was injected on the sensor chip for 2 min at a flow rate of
20 μL/min to determine the appropriate immobilization pH conditions. For covalent immobili-
zation of the NDPK-B ligand on the CM5 sensor chip surface, the sensor surface was activated
with a freshly mixed solution of 0.4 M EDC and 0.1 M NHS (1:1) for 7 min at a flow rate of
5 μL/min. Purified NDPK-B (5561.5 RU final), was then injected over the activated chip sur-
faces in 100 μL of 10 mM sodium acetate pH 5.5 (flow rate: 5 μL/min). The residual active
groups were inactivated with 1 M ethanolamine-HCl at pH 8.5 for 7 min (flow rate: 5 μL/min).
For binding measurements, ligand—protein interactions were monitored by injecting the
NBD1 domain dissolved at various concentrations in the HBS-EP running buffer at the flow
rate of 10 μL/min for 2 min. The binding of NBD1 domains was evaluated 20 s into the dissoci-
ation phase. In order to continuously monitor the non-specific background binding of samples
to the carboxymethyl dextran substrate, a control flow cell was pre-activated and immediately
blocked with ethanolamine without exposure to the ligand. Interactions were estimated by sub-
tracting the response in the blank flow cell from the response in the cell with immobilized
NDPK-B. Bovine Serum Albumin (BSA, 500 ng) was injected as a negative control under simi-
lar conditions. The interaction analyses were carried out in HBS-EP buffer at 25°C. The SPR
data analysis was done by applying the BIAevaluation v.4.1.1 software (BIAcore).
In silico analysis
Protein-protein docking analysis was performed using two FFT-based docking software PIPER
[53] and Zdock [54]. The in silico experiments were performed using NDPK-B crystal structure
(PDB code: 1NUE) as the probe and NBD1 crystal structure (PDB code: 1R0X) as the target
protein. 1000 complexes were obtained from both docking algorithms and clusterized using
the pairwise RMSD (Root Mean Square Deviation< 2Å) into 4 largest clusters. The final com-
plex was chosen according to the energy scoring function.
Molecular dynamics (MD) simulations of the final complex (parameterized with
AMBER99) were performed with NAMD 2.8 [55] in order to verify their stability over time; in
particular a 100ns of NPT (1atm, 300K) MD simulation were performed after an equilibration
phase of 1 ns (positional restraints were applied on carbon atoms to equilibrate the solvent
around the protein).
Antibodies used in this study
CFTR monoclonal antibody was from Labvision/Neomarkers (Runcorn, Cheshire, UK) and
CFTR polyclonal antibody (R&D Systems, Minneapolis, USA). The nm23-H1 antibody was
from Autogen Bioclear (Calne Wiltshire, UK) and has been described previously (Muimo
et al., 1998). The nm23-H2 monoclonal antibody was from Kamiya Biomedical Company
(Seattle, Washington, USA) and the nm23-H2 polyclonal antibodies have been described pre-
viously (Ma et al., 2002a; Hippe et al., 2003). Anti-NDPK-A does not recognize NDPK-B, nor
vice versa, in western blot and immunostaining.
Solutions
Osmolality of the experimental solutions was checked using a Roebling osmometer and
adjusted to 300 ± 1 mOsm.kg-1 H2O using mannitol or water as appropriate.
NDPK-B Binds and Regulates CFTR
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Statistics
Results are presented as mean ± SEM. Effects of experimental interventions were assessed by
Student’s t-test and significance was assumed at the 5% level. Unless otherwise indicated all
immunoblots are representative of at least three independent experiments.
Results
Distribution of NDPK-A and -B in airway epithelial cells
Among NDPK isoforms, NDPK-A and B share the highest sequence homology (88%), and
both have been detected in the cytoplasm and in the nucleus in various cell types [28, 56, 57].
However, the properties and function of membrane bound NDPK from mammalian cells is
less well characterized. We have previously shown that NDPK-A exists in apical membrane of
human and sheep airway epithelia [38] and that it forms a complex with AMPKα1 and CFTR
[35]. Western blot analysis shows that NDPK-B is also present in both membrane and cytosol
of 16HBE14o- cells and sheep tracheal epithelia. Interestingly, although NDPK-B is detectable
in the membrane fraction by immunoblot analysis, it is predominantly cytosolic in 16HBE14o-
cells (Fig 1a), sheep tracheal epithelia and rat thalamus (not shown). In contrast, NDPK-A
appears to be more uniformly distributed between the membrane and cytosol fractions of
16HBE14o- cells (Fig 1a), sheep tracheal epithelia and rat thalamus (not shown). Previous
studies have demonstrated that NDPK-A and -B form heterohexamers in human erythrocytes
[28]. However, since our data shows that the membrane fraction in airway epithelia contains
disproportionate amounts of NDPK-A and, NDPK-B the two isoforms may not always exist as
hetero-tetramers/hexamers or share the same subcellular distribution in airway epithelia.
Do NDPK A & NDPK B form complexes in airway epithelia?
The differential subcellular distribution of NDPK A and NDPK B in 16HBE14o- cells suggests
that the two isoforms are probably involved in different cellular processes. We have recently
provided evidence that NDPK A forms a functional complex with AMPKα [40]. Analysis of
AMPKα1 or AMPKα2 immunoprecipitates from membrane and cytosol of 16HBE14o- cells
or sheep tracheal epithelium (not shown) for the presence of NDPK-B (Fig 1b), shows that
while NDPK A co-immunoprecipitates with AMPKα1 (left panel), NDPK-B is undetectable.
Equally, AMPKα is undetectable on western blots containing immunoprecipitates of NDPK-B
(not shown). This suggests that NDPK B exists independently of the NDPK A/AMPKα1 com-
plex. Furthermore, we investigated complex formation between NDPK A and NDPK B in both
membrane and cytosol of airway epithelia. Western blot analysis of NDPK-A and NDPK B
immunoprecipitates from airway epithelia shows that NDPKA is undetectable in NDPK B
immunoprecipitates and vice versa (Fig 1c). The failure to co-immunoprecipitate NDPKA and
NDPK B in airway epithelia indicates that the two proteins may not exist as heterohexamers
under normal cellular conditions in these cells. Furthermore, this data also suggests that the
two proteins are likely to localise to different subcellular compartments and engage in different
cellular events in airway epithelia.
NDPK-B interaction with CFTR is regulated by cAMP/PKA
Previous work shows that NDPK binds cAMP in vitro [44, 58]. To analyse whether cAMP
might affect cellular distribution and function of NDPK-B in airway epithelial cells, we immu-
nolocalised NDPK-B in human nasal brushings treated with or without the well-established
stimulus that raises cyclic AMP (a combination of the adenylyl cyclase stimulator forskolin
(FSK) and a phosphodiesterase inhibitor (IBMX) to prevent cAMP degradation). Fig 1d shows
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Fig 1. PKA regulates translocation of NDPK-B in airway epithelial cells. a) Distribution of NDPK A and NDPK B in 16HBE14o- cells. Western Blot of
membrane and cytosol (50 μg) from 16HBE14o- cells separated on a 15% SDS PAGE gel and transferred to PVDFmembrane (Left panel, probed with
NDPK B rabbit polyclonal antibody (1/5000); Middle panel, probed with NDPK Bmonoclonal antibody (1/1000); Right panel, probed for NDPK A). b)NDPK B
is not detected in AMPKα immunoprecipitates. Left panel, western blot of AMPKα (pan) probed for NDPK A. Right panel, immunoprecipitates of AMPKα1 and
AMPKα2 probed for NDPK B. c) Absence of complex between NDPK A and B in airway epithelia. Left panel, immunoprecipitates of NDPK B and NDPK A
NDPK-B Binds and Regulates CFTR
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confocal microscopy analysis of unstimulated human nasal epithelial cells stained with a selec-
tive anti-NDPK-B antibody. Although NDPK-B staining was observed throughout the cell
including the nucleus, it was predominantly located within the cytoplasm within distinct punc-
tuate structures (as noted by others (18)). Following cell stimulation with FSK (10 μM)/IBMX
(100 μM), NDPK-B staining predominates at the apical membrane (Fig 1e) and is unexpectedly
also found associated with cilia suggestive of a secretory event (this was not explored further).
To determine whether PKA was involved, we inhibited PKA activity using PKI, a cell perme-
able and selective peptide pseudo-substrate inhibitor of the catalytic activity of PKA (100 nM
myristoylated protein kinase A inhibitor amide 14–22 − (54)), added prior to FSK/IBMX stim-
ulation. PKA inhibition maintained the pre-stimulated pattern of NDPK-B staining within the
cytoplasm (Fig 1f). This suggests that PKA might regulate the distribution and or transloca-
tion/secretion of NDPK-B in airway epithelia.
CFTR binding to cAMP has been proposed as a regulator of channel activation [59]. Since
cAMP and PKA are cooperative regulators of CFTR (4, 5) and mature CFTR is apically local-
ised in airway epithelia [60], we analysed the interaction between CFTR and NDPK-B using
cell lysates. Fig 2a shows additional NDPK-B staining occurs at 175 kDa, when Western blots
of SDS-PAGE-separated membrane proteins from (CFTR-expressing) immortalised
16HBE14o- cells (100 μg) or ovine tracheal epithelial membranes (not shown) are overlaid
with a solution containing cytosol from the relevant cognate cells (Far-Western blot). Addition
of non-hydrolysable analogues of cAMP (8-bromo or di-octanoyl cAMP, 100 μM) to the over-
lay solution strikingly increased NDPK-B staining at 175 kDa nearly 20-fold (Fig 2a and 2b).
This result strongly suggested cAMP might control the assembly of an NDPK-B/CFTR protein
complex at the apical membrane of airway epithelia. In order to determine whether the interac-
tion between NDPK-B was direct or involved a bridging protein, a Western blot of a CFTR
immunoprecipitate was first overlaid with purified NDPK-B and then probed for NDPK-B.
Enhanced NDPK-B staining is observed at 175 kDa in the presence of cAMP (100 μM) (Fig 2c
and 2d). To test the selectivity of the cAMP effect, we studied NDPK-A, and found that
although NDPK-A also binds at the expected molecular weight for CFTR in overlay assays, the
binding of this highly homologous family member is not enhanced by cAMP (not shown, see
also Fig 3a and 3b).
Western blot analysis of CFTR immunoprecipitates from membranes of 16HBE14o- cells
stimulated with FSK/IBMX shows that FSK significantly enhanced the amount of NDPK-B co-
immunoprecipitating with CFTR (Fig 3a, lane 2; quantitation Fig 3b). Pre-treatment of the
cells with PKA inhibitors, PKI (100 nM) or H-89 (1 μM, not shown) for 5 min prior to stimula-
tion with FSK/IBMX for 30 min, reduced the amount of NDPK-B interacting with CFTR (Fig
3a and 3b). Similarly, FSK-stimulation significantly increases the amount of CFTR co-immu-
noprecipitating with NDPK-B (Fig 3c and 3d). On the other hand, analysis of NDPK-A stain-
ing in CFTR immunoprecipitates shows no variation following cell stimulation with either
FSK/IBMX or PKI/FSK/IBMX suggesting that unlike NDPK-B, NDPK-A interaction with
CFTR is not regulated by changes in cellular cAMP/PKA activity (Fig 3a and 3b). Thus, our
data suggests cAMP and PKA selectively mediate promote the NDPK-B interaction with CFTR
and that despite its similar sequence, NDPK-A is not part of this process.
probed for NDPK A. Right panel, immunoprecipitates of NDPK A and NDPK B probed for NDPK B. Antibody staining detected with HRP antibody and a
chemiluminescent substrate. Results representative of at least four independent experiments. Modulation of PKA activity alters localisation and distribution of
NDPK-B in HNE. Immunocytochemical staining of HNE for NDPK-B in cells: d) untreated, e) treated with FSK/IBMX for 30 min, f) treated with PKI (5 min)
prior to FSK/IBMX for 30 min, g)No primary antibody control. Bar is 5 μM and arrows show position of apical membrane. The result is representative of three
independent experiments.
doi:10.1371/journal.pone.0149097.g001
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NDPK-B associates only with Cell surface CFTR
The cAMP/PKA-dependent translocation of NDPK-B to the apical membrane suggested that
NDPK-B might associate with cell surface CFTR. In order to confirm that the cAMP/PKA-
induced complex is associated with the cell surface CFTR and not CFTR within intracellular
organelles, 16HBE14o- cells were surface biotinylated with cell-impermeant EZ-Link sulfo-
NHS-SS-biotin at 4°C for 30 min. Fig 4a (lane 2) shows increased levels of NDPK-B co-precipi-
tate with avidin-agarose in cells treated with FSK/IBMX. On the other hand, inhibition of cellu-
lar PKA activity with PKI, prior to FSK/IBMX stimulation, reduces the amount of NDPK-B
precipitating with avidin-agarose (Fig 4a lane 3). This data is consistent with the notion that
NDPK-B translocation to the apical membrane leading to an association with cell surface
Fig 2. NDPK-B interaction with CFTR is regulated by cAMP. a) cAMP-dependent NDPK-B binding to a 175-kDa protein in overlay assays. Identical
immunoblots of (100 μg) probed for NDPK-B. Lanes: 1) control blot with no overlay, 2) blot overlaid with solution containing 16HBE14o- cytosol proteins (0.5
mg). 3, 4, 5) Blot overlaid with solution 2 above containing cAMP (100 μM), 8-Br-cAMP (100 μM) or N6,O2'- dioctanoyl-cAMP (Oco2cAMP) (100 μM),
respectively. Cyclic AMP enhanced NDPK-B staining at 175 kDa. Results are representative of four separate experiments. b)Quantification of the band
density of NDPK-B/CFTR complex at 175kDa (n = 4) * P<0.001 Student t-test. Dioctanoyl cAMP increased NDPK-B binding 20-fold. c) Recombinant
NDPK-B binds to a 175-kDa protein in cAMP-dependent manner in overlay assays. Identical western blots of membrane proteins from 16HBE14o- cells
(100 μg) probed for NDPK-B staining. Lanes 1) Control with no overlay. 2) Blot overlaid with solution containing 1 μg of recombinant NDPK-B. 3) Overlaid
with solution 2 containing cAMP (100 μM), 4) overlaid with solution 2 containing 8-Br-cAMP (100 μM). d) Quantification of the band density of NDPK-B at
175kDa (n = 4) * P<0.001 Student t-test. Br-cAMP increased NDPK-B binding 20-fold.
doi:10.1371/journal.pone.0149097.g002
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CFTR. The selectivity of this binding is demonstrated by our observing no change in the levels
of NDPK-A or CFTR co-precipitating with avidin-agarose following cell treatment with FSK/
IBMX (Fig 4a). To assess whether NDPK-B also associates with non-cell surface CFTR, CFTR
immunoprecipitates from the residual cell extracts (± FSK/IBMX-stimulation) already depleted
of cell surface/integral membrane proteins by avidin precipitation (post-avidin supernatant)
were probed for NDPK-B. Fig 4b and 4c show that, despite the presence of both proteins in the
post-avidin supernatant, NDPK-B did not co-immunoprecipitate with CFTR from this frac-
tion. Similarly, in the reverse experiment, CFTR staining is undetectable in NDPK-B immuno-
precipitates from supernatant depleted of biotin-labelled proteins. Thus, following cAMP/PKA
stimulation, there was increased association of NDPK-B, but not NDPK-A, with cell surface
Fig 3. Forskolin (FSK) enhances NDPK-B interaction with CFTR in 16HBE14o- cells a) PKA regulates co-immunoprecipitation of CFTR with NDPK-B in
16HBE14o-. Immunoblot of CFTR immunoprecipitate from 16HBE14o- membranes showing that FSK increases the amount of NDPK-B, but not NDPK-A,
which co-immunoprecipitates with CFTR. Cells were untreated (lane 1), treated with FSK/IBMX for 30 min (lane 2) or with PKI for 5 min prior to FSK/IBMX
treatment (lanes 3) and probed for NDPK-A and NDPK-B. Equal loading of the CFTR immunoprecipitate, was confirmed by re-probing the same blot for
CFTR using a polyclonal antibody (R & D systems). b)Quantification of the band density of NDPK-B and NDPK-A shows a 3-fold increase in NDPK-B co-
immunoprecipitation with CFTR with FSK/IBMX (n = 4). * P<0.05 Student t-test. c) Immunoblot of NDPK-B immunoprecipitate from 16HBE14o- membrane
from cells: untreated (lane 1); treated with FSK/IBMX (lane 2) or PKI (5 min) prior to FSK/IBMX for a further 30 min (lane 3) and probed for CFTR. Equal
loading of immunoprecipitate was confirmed by re-probing the same blot for NDPK-B polyclonal antibody. PKI inhibited the impact of FSK/IBMX on NDPK-B
co-immunoprecipitation with CFTR. d)Quantitative analysis of the CFTR band density shows a 2-fold increase in CFTR co-immunoprecipitation with
NDPK-B with FSK/IBMX (n = 4) * P<0.05 Student t-test.
doi:10.1371/journal.pone.0149097.g003
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CFTR. Complex formation is not observed with non-cell surface CFTR suggesting that NDPK-
B tethers to cell surface CFTR.
NDPK-B interaction domain
NDPK-A and NDPK-B are reported to exist as heterohexamers and yet we find a difference in
their localization. In order to identify the NDPK-B domain responsible for interaction with
CFTR, we generated a 19-mer peptide corresponding to one of the regions of NDPK-B show-
ing the least sequence homology to NDPK-A comprising amino acids 36–54 (Fig 5a). Immu-
noblot analysis shows that NDPK-B is released into the supernatant of the beads bearing the
CFTR immunoprecipitate and exposed to the peptide (Fig 5b lanes 3, 4, compare with lane 1).
These immunoprecipitates were from lysates of 16HBE14o- cells stimulated with FSK/IBMX
and incubated with the peptide NDPK-B 36–54 (V36AMKFLRAS44EEHLKQHYID54) for
30 min at 30°C. In control incubations, without peptide (Fig 5b lanes 1, 2) or with the
Fig 4. NDPK-B binds cell surface CFTR in forskolin/IBMX stimulated cells. a) Immunoblots of avidin-agarose precipitates from lysates of 16HBE14o-
cells ± FSK or PKI/ FSK/IBMX, biotinylated for 30 min at 4°C and probed for CFTR, NDPK-A and NDPK-B. b) Non-cell surface CFTR does not associate with
NDPK-B. Immunoblots of CFTR immunoprecipitates from lysates of 16HBE14o- cells ± FSK or PKI/FSK/IBMX (post the avidin precipitation described in A,
above) probed for CFTR and NDPK-B. c) NDPK-B does not associate with non-cell surface CFTR. Immunoblots of NDPK-B immunoprecipitates from lysates
of 16HBE14o- cells ± FSK or PKI/FSK/IBMX (post the avidin-agarose precipitation described in A, above) probed for CFTR and NDPK-B. To confirm equal
loading of the immunoprecipitates, blots were stripped and re-probed with CFTR rabbit polyclonal antibody (R & D systems) (B) or NDPK polyclonal antibody
(C). The results are representative of two independent experiments.
doi:10.1371/journal.pone.0149097.g004
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corresponding peptide from NDPK-A 36–54 (V36GLKFMQASEDLLKEHYVD54) (Fig 5b
lanes 5, 6), release of NDPK-B from the CFTR immunoprecipitate was never observed. The
selective release of NDPK-B induced by peptide NDPK 36–54 indicates that this peptide dis-
rupted the NDPK-B/CFTR complex and suggests this region of NDPK-B, may constitute a key
NDPK-B interaction domain for CFTR. Similar results were obtained in the reverse experi-
ment, the peptide NDPK 36–54 -induced CFTR release from beads containing the NDPK-B
immunoprecipitate (Fig 5c).
CFTR binding site for NDPK-B
In order to establish whether NDPK-B interacts directly with CFTR, we generated fusion pro-
teins of various CFTR domains: nucleotide binding domain 1 (NBD1, aa 351–727), R-domain
(635–837) and nucleotide binding domain 2 (NBD2, 1151–1360) and localised NDPK-B bind-
ing to NBD1 by overlay on dot- blots (Fig 6a). Fig 6b shows the purity (by Coomassie blue
staining) of untagged NBD1 (various amounts) and of purified NDPK-B protein used for over-
lay analysis. Fig 6c: Western blot and overlay analysis indicating direct interaction between
pure untagged NBD1 and NDPK-B (PVDF membrane containing untagged NBD1 was over-
laid with purified NDPK-B and then probed with anti-NDPK-B). The interaction was then
confirmed by Surface Plasmon Resonance (SPR) (Fig 6d–6g) assays. We injected several quan-
tities of His-tagged NBD1 (10, 20, 40 or 60 ng) over immobilized NDPK-B proteins and
showed the direct interaction between the NBD1 of CFTR and NDPK-B (Fig 6d–6g). The RU
values obtained twenty seconds into the dissociation phase were 2.2, 6.2, 13.5 and 20.9 for 10,
20, 40 and 60 ng of NBD1 respectively, and as such, increased linearly with the amount of
Fig 5. Analysis of NDPK-B interaction with CFTR. a) Position of the exposed side-chains of peptide 36–54, based on the published crystal structure of the
NDPK-B [81]. The CPK code was used: nitrogen is blue and oxygen is red. One subunit is shown in cyan to identify its border. Figure generated with
RASMOL. b) Immunoblots of CFTR immunoprecipitates from lysates of 16HBE14o- cells treated with FSK/IBMX, and probed for NDPK-B and CFTR show
peptide NDPK-B 36–54 (lanes 3, 4), but not peptide NDPK-A 36–54 (lanes 5, 6), released NDPK-B from CFTR immunoprecipitate. Control incubations with
buffer alone are shown in lanes 1, 2. c) Peptide NDPK-B 36–54 releases CFTR from complex with NDPK-B. Immunoblots of NDPK-B immunoprecipitates
from lysates of 16HBE14o- cells treated with FSK/IBMX, and probed for CFTR and NDPK-B show peptide NDPK-B 36–54 (lanes 3, 4), but not buffer alone
control (lanes 1, 2) or peptide NDPK-A 36–54 (lanes 5, 6), released CFTR from NDPK-B immunoprecipitate.
doi:10.1371/journal.pone.0149097.g005
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injected NBD1 (Fig 6d). We evaluated the repeatability of the measurement of the direct inter-
action between the NBD1 of CFTR and NDPK-B in two separate experiments whereby 40 ng
of His-tagged NBD1 injected over immobilized NDPK-B proteins provided a similar number
of RU in both cases (13.4 and 13.6) (Fig 6e). This showed the repeatability of the measurement.
To assess the specificity of the NBD1-NDPK-B interaction we used a 19 amino acid (36–54:
VAMKFLRASEEHLKQHYID) synthetic peptide of NDPK-B (Fig 5a) that disrupts the
NDPK-B/CFTR complex (Fig 5b and 5c) under similar conditions. We injected 1 μg of
untagged NBD1 alone or with several quantities of NDPK-B peptide (10, 50 or 100 ng) over
immobilized NDPK-B proteins and observed that the number of RU decreased with the
amount of injected NDPK-B peptide showing the specificity of the interaction between the
NBD1 of CFTR and NDPK-B (Fig 6f). As a control we also injected 200 ng of NDPK-B peptide
Fig 6. NDPK-B /NBD1 interaction analysis of by Surface Plasmon Resonance. a) Membrane (PVDF) was spotted with purified NDPK-B (lane 1),
GST-NBD1 (351–727), R domain (635–837) and GST-NBD2 (1151–1360) was overlaid with purified recombinant NDPK-B and probed for NDPK-B. Purified
NDPK-B bound to GST-NBD1. b) Coomassie blue staining of PVDFmembrane showing the purity of NBD1 (28 kDa) (lanes 1–3; 900, 300 and 100 ng per
lane, respectively) and NDPK-B (lane 4, 16 kDa) and the amounts of the proteins loaded. c) Overlay analysis of the direct interaction between the NBD1
domain (351–727) of CFTR and NDPK-B. Overlay experiment showing western blot containing NBD1 (lanes 1–3; 900, 300 and 100 ng per lane,
respectively), NDPK-B (250 ng, lane 4) and BSA (250 ng, lane 5) overlaid with purified NDPK-B (50 μg) and then probed for NDPK-B staining using NDPK-B
specific antibodies. BSA was used as a control to exclude non-specific interactions with NDPK-B. d) SPR analysis showing the direct interaction between the
NBD1 of CFTR and NDPK-B. Example of sensorgrams obtained when several quantities of His-tagged NBD1 (10, 20, 40 or 60 ng) were injected over
immobilized NDPK-B proteins. In the inset, the RU = f(ng) curve shows that the RU values obtained twenty seconds into the dissociation phase linearly
increase with the amount of injected NBD1. e) SPR analysis showing the repeatability of the measurement of the direct interaction between the NBD1 of
CFTR and NDPK-B. Example of sensorgrams obtained from two separate measurements when 40 ng of His-tagged NBD1 were injected over immobilized
NDPK-B proteins. f) SPR analysis showing the specificity of the interaction between the NBD1 of CFTR and NDPK-B. Example of sensorgrams obtained
when 1 μg of untagged NBD1 was injected alone or with several quantities of NDPK-B peptide (10, 50 or 100 ng) over immobilized NDPK-B proteins. A
sensorgram obtained when 200 ng of NDPK-B peptide was injected alone over immobilized NDPK-B proteins is also shown. g) SPR analysis showing the
NDPK-B key residues for the NBD1-NDPK-B interaction. Example of sensorgrams obtained when 1 μg of untagged NBD1 was injected alone or with 100 ng
of different mutated NDPK-B peptides over immobilized NDPK-B proteins. Sensorgrams obtained when 1 μg of untagged NBD1 was injected with 100 ng of
NDPK-A or NDPK-B peptide over immobilized NDPK-B proteins are also shown.
doi:10.1371/journal.pone.0149097.g006
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alone over immobilized NDPK-B proteins and observed no interaction confirming the specific-
ity of the interaction between the NBD1 of CFTR and NDPK-B (Fig 6f). First, our SPR data
show a specific interaction between the NBD1 of CFTR and NDPK-B, confirming the overlay
analysis (Fig 5a–5c). Secondly, these SPR results confirm the ability of NDPK-B peptide to dis-
rupt the NDPK-B/CFTR complex, showing that this region of NDPK-B (amino acid 36–63)
may constitute the NDPK-B interaction domain for CFTR.
To identify the NDPK-B key residues for the NBD1-NDPK-B interaction, we used different
mutated NDPK-B peptides as follows: NDPK-B peptide with I-V substitution, NDPK-B pep-
tide with H-L substitution and NDPK-B peptide with both I-V and H-L substitutions. By look-
ing at the sequence, we Figured residues I or H or both might be key to the interaction and that
the substitution may affect the ability of NDPK-B peptide to disrupt interaction and cause it to
behave like NDPK-A peptide which doesn’t disrupt the NDPK-B interaction with CFTR (Fig
5b and 5c). We injected 1 μg of untagged NBD1 alone or with 100 ng of different mutated
NDPK-B peptides over immobilized NDPK-B proteins and observed a similar signal in all
cases showing that theses amino acids substitutions affect the ability of NDPK-B peptide to dis-
rupt the NBD1-NDPK-B interaction (Fig 6g). We also injected 1 μg of untagged NBD1 with
100 ng of NDPK-A peptide over immobilized NDPK-B proteins and obtained an equivalent
response showing that these residues substitutions cause the mutated NDPK-B peptides to
behave like NDPK-A peptide (Fig 6g). These data suggest that I and H amino acids are key resi-
dues for the NBD1-NDPK-B interaction. As a control we finally injected 1 μg of untagged
NBD1 with 100 ng of NDPK-B peptide over immobilized NDPK-B proteins and observed a
dissimilar signal, with a number of RU that became insignificant confirming the ability of
NDPK-B peptide to disrupt the NDPK-B interaction with CFTR (Fig 6g). These SPR results
first confirm the ability of the NDPK-B peptide to disrupt the CFTR/NDPK-B complex and
secondly identify that I and H amino acids as key residues for this NBD1-NDPK-B interaction
(NB. The transient signals are artefacts caused by the modification of the refractive index due
to buffer change just after the injection start/stop. These artefacts do not alter the analysis (RU
values are obtained twenty seconds into the dissociation phase)).
To clarify the binding motif of NBD1 and NDPK-B, protein protein docking experiments
were performed by using two FFT based software, PIPER [53] and Zdock [54] (see Methods
section). As shown in Fig 7a, the complex between NBD1 and NDPK-B involves a deep inter-
action surface area (693 Å2). Electrostatic interactions are predominant, however a small
hydrophobic pattern has been revealed by in silico analysis. In detail, NDPK-B I53 is sub-
merged into a small hydrophobic pocket formed by V393, F446 and the methyl group of T390
of NBD1. This hydrophobic zone is surrounded by different electrostatic interactions, namely
between NBD1 K447 and NDPK-B D57, and between NBD1 E395 and NDPK-B H47, further-
more interacting also with NDPK-B E46. On the other hand, no significant results was
obtained from the protein-protein docking analysis between NBD1 and NDPK-A, under the
same experimental condition used in the case of NDPK-B (see Methods section). Interestingly
NDPK-A presents a couple of substitutions in two key points of the interaction pattern
revealed by the in silico analysis of NBD1 and NDPK-B: the NDPK-B I53 and H47 are substi-
tuted with V53 and L47 in the case of NDPK-A as shown in the table inset of Fig 7a.
Significant results were obtained also by studying the interaction between NBD1 and the
peptide 36–54 (VAMKFLRASEEHLKQHYID) derived from NDPK-B. The complex obtained
from the protein-protein docking analysis is partially superimposable with the complex
between NBD1 and the full NDPK-B protein (Fig 7b). The in silico results suggest that the pep-
tide 36–54 could directly and specifically compete with the interaction between NBD1 and
NDPK-B, by sharing the same binding zone, thus disrupting NDPK-B/CFTR complex. On the
other hand, the protein-protein docking analysis between NBD1 and the NDPK-B peptide
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Fig 7. NDPK-B and NBD1 protein-protein docking analysis. a) i) Protein-protein docking complex between NBD1 (red) and NDPK-B (green); Analytic
Connolly’s surface has been highlighted. ii)Detailed interaction pattern between NBD1 and NDPK-B. Table inset: differences between NDPK-B and
NDPK-A at the interaction surface. b). i) Detailed interaction pattern between NBD1 (red) and the peptide 36–51 from NDPK-B (Yellow). ii) Superposition
between 36–51 peptide (yellow) and NDPK-B full protein (green). Table inset: statistical analysis of NBD1-NDPK peptides complexes.
doi:10.1371/journal.pone.0149097.g007
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carrying the single or the double I-V/H-L substitutions does not reveal statistically significant
complexes formation, thus confirming that this peptide, characterized by the NDPK-A substi-
tutions, is not able to interact as efficiently as the NDPK-BWT peptide. In particular, as shown
in the table inset of Fig 7b, while the NBD1-NDPK-B WT peptide complex present a high sta-
tistical significance (653 complexes with an RMSD under 5Å), all the substituted peptides are
not able to produce statistically relevant complexes.
NDPK-B and CFTR function
Previous studies have demonstrated that NDPK regulates muscarinic K+ and calcium -acti-
vated K+ (KCa3.1) channels [33, 41]. To determine the functional significance of the cAMP/
PKA-dependent cell surface associated NDPK-B/CFTR complex, we analysed the impact of
peptide NDPK-A 36–54 or peptide NDPK-B 36–54 on whole cell currents in 16HBE14o- cells.
Fig 8a, shows that peptide NDPK-B 36–54, which disrupts the NDPK-B/CFTR complex (see
Fig 4), reduces the magnitude of both the DIDS-sensitive and CFTR-mediated chloride con-
ductances. The CFTR and OR mediated conductances were significantly smaller in the pres-
ence of the peptide. The CFTR-sensitive Gout was 574 ± 164 μS/cm
2 (n = 12) versus
187 ± 57.6 μS/cm2 (n = 13), in the absence and presence of NDPK-B 36–54, respectively. The
CFTRinh-sensitive Gin was 465 ± 132 μS/cm
2 (n = 12) versus 165 ± 49.4 μS/cm2 (n = 13). The
DIDS-sensitive Gout was 341 ± 77.6 μS/cm
2 (n = 13) versus 119 ± 37.9 μS/cm2 (n = 13), in
the absence and presence of NDPK-B 36–54, respectively. The DIDS-sensitive Gin was
172 ± 66.3 μS/cm2 (n = 13) versus 23.9 ± 13.8 μS/cm2 (n = 13). This suggests that the NDPK-
Fig 8. Effect of disruption of the NDPK-B/CFTR complex on the magnitude of FSK-dependent IDIDS and ICFTR in 16HBE14o- cells and the ACh-
induced SCC in intestinal biopsy. a) Effect of peptide NDPK-B 36–54 on ICFTR and IDIDS. Cells were incubated with NDPK-B 36–54 (100 μM) for 30 min
prior to exposure to FSK/IBMX plus peptide NDPK-B 36–54 for 30 min. Control currents for each dataset were time and day matched. b) Lack of effect of
peptide NDPK-A 36–54 on the outward DIDS-sensitive and CFTRihn172- sensitive conductances. Cells were incubated for 30 min in the presence of the
peptide (100 μM), followed by incubation with the peptide plus FSK and IBMX for 30 min. Control currents for each dataset were time and day matched. c)
Effect of peptide NDPK-A or NDPK-B 36–54 on SCC in gut epithelia. SCCmeasurements obtained in response to ACh (Cl- flux) and glucose (Na+ flux)
stimulation of mounted gut epithelia biopsies. Measurements were taken in the presence or absence of the synthetic peptides NDPK-A or NDPK-B 36–54
(100 μM) (n = 3) **P<0.05 ANOVA.
doi:10.1371/journal.pone.0149097.g008
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B/CFTR complex is functionally significant and that NDPK-B regulates both the cAMP/PKA-
dependent CFTR and the ORCC-mediated currents in epithelia. Since NDPK-A forms a com-
plex with AMPKα independently of NDPK-B in airway epithelia (25), we also analysed the
impact of peptide NDPK-A 36–54 on CFTR function. As expected, peptide NDPK-A 36–54,
which does not disrupt the NDPK-B/CFTR complex, was without effect on both the cAMP/
PKA-dependent ORCC and CFTR-mediated currents (Fig 8b). The CFTR and OR mediated
conductances were not significantly different in the presence of the peptide. (n = 11 or 12 as
stated). The CFTRinh-sensitive Gout was 510 ± 85.0 μS/cm
2 (n = 11) versus 486 ± 149 μS/cm2
(n = 8), in the absence and presence of NDPK-B 36–54, respectively. The CFTRinh-sensitive
Gin was 447 ± 63.8 μS/cm
2 (n = 11) versus 537 ± 219 μS/cm2 (n = 8). The DIDS-sensitive Gout
was 312 ± 58.5 μS/cm2 (n = 12) versus 322 ± 131 μS/cm2 (n = 7), in the absence and presence
of NDPK-B 36–54, respectively. The DIDS-sensitive Gin was 147 ± 56.6 μS/cm
2 (n = 12) versus
67.4 ± 43.0 μS/cm2 (n = 7).
To confirm that NDPK-B effect on CFTR was not confined to our chosen airway cell line,
we analysed the impact of peptide NDPK-B 36–54 or NDPK-A 36–54 on chloride conductance
using short-circuit current measurements (SCC) in gut biopsies [49] (n = 3). ACh induced a
transient increase in SCC in the control measurements (ΔSCC, +32.7 ± 3.71 μA/cm2) (Fig 8c).
However, in the presence of peptide NDPK-B 36–54 (100 μM), ACh failed to induce an
increase in SCC (ΔSCC, -1.7 ± 1.64 μA/cm2) (Fig 8c). On the other hand, peptide NDPK-A
36–54 (100 μM) was without effect (ΔSCC, +27.6 ± 2.93 μA/cm2). The viability of the tissue
pre/post-treatment was confirmed using sodium linked glucose (10 mM) absorption (ΔSCC
+16.1 ± 1.6 μA/cm2 and +21 ± 1.9 μA/cm2, respectively). Thus, peptide NDPK-B 36–54
(100 μM) inhibited FSK-dependent CFTR and ORCC-mediated currents in 16HBE14o- cells
as well as ACh-induced SCC measured across a sheet of intestinal biopsy.
Discussion
This study demonstrates that NDPK-B forms a cAMP/PKA-dependent complex with CFTR at
the apical membrane and is important for regulation of CFTR and ORCC channels by cAMP/
PKA. We propose that the cAMP/PKA-induced NDPK-B interaction with CFTR occurs
through a distinct domain within NDPK-B straddling serine 44. Second messenger cAMP reg-
ulates many signalling events that control numerous processes in airway epithelia including
CFTR-dependent chloride transport [42]. In non-CF epithelia, phosphorylation of CFTR by
PKA [61] is the major recognized intracellular signalling mechanism for activation of CFTR-
dependent chloride flux. The inhibition of the ACh-dependent SCC by the peptide NDPK-B
36–54 in human gut biopsies provides evidence for a wider relevance of NDPK-B to epithelial
function and suggests that the NDPK-B/CFTR complex is likely to be relevant towards ion
transport in vivo across a range of epithelia given the universal expression of these isoforms of
NDPK. Association of NDPK-B with the CFTR nucleotide binding domain (NBDs) is interest-
ing because NDPKs play an important role in local provision of nucleotides to many cellular
processes and suggests NDPK-B could be important for NBD function. The two NBDs dimer-
ise to drive ATP hydrolysis and thereby regulate the opening and closing of the CFTR Cl-
channel. Activation of CFTR function requires a combination of phosphorylation, ATP bind-
ing and hydrolysis and one study suggests that cAMP binding may also occur [62]. A key unex-
plained aspect of CFTR function is the discrepancy between the slow rates of ATP hydrolysis
observed with purified CFTR and the fast gating kinetics of channel opening [63–65]. We spec-
ulate that, as for many aspects of NDPK function (G proteins, ion channel and dynamin regu-
lation), the fast turnover of NDPK (1000 per sec) could supply the missing link between the
biochemistry and the electrophysiology.
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The precise mechanism by which PKA regulates the NDPK-B/CFTR complex is currently
unclear but likely involves protein phosphorylation, since catalytic inhibitors of PKA disrupt
both translocation and co-immunoprecipitation of NDPK-B with CFTR. CFTR is a well-
defined PKA substrate and possesses several physiologically relevant PKA target sites within its
regulatory domain [61]. Previous studies have demonstrated that apart from the autopho-
sphorylation of NDPK on histidine 118, phosphorylation also occurs on serine residues (Ser-
44 and Ser-120/122, near to the catalytic H118) [43, 66]. However, the significance of NDPK
Ser-44 phosphorylation remains uncertain. Ser-44 exists on the hexamer surface close to nega-
tively charged residues 45 and 46. Since the initial recognition of NDPK phosphorylation on
Ser-44, the number of NDPK isoforms known has increased and interestingly, sequence analy-
sis predicts a putative PKA target site at Ser-44 which is unique to NDPK-B and the testis spe-
cific isoform [67], NM23-H5. Paradoxically, previous studies in vitro show that NDPK serine
phosphorylation is inhibited by cyclic AMP (with a Ki of 1 mM) [43, 44]. At first glance the
physiological significance is unclear since the Ki was very high in the (mM) range but given
that NDPK is involved in energy charge regulation, it remains possible that a very high local
concentration of cyclic AMP in the vicinity of CFTR could remain relevant given that we find
(non-hydrolysable) cAMP can act as a bridge to enhance the binding of CFTR to NDPK in
vitro. Indeed it has been proposed that cAMP efflux pumps can co-localise with CFTR [68, 69]
making such a scenario plausible should such efflux be inhibited.
Disruption of the NDPK-B/CFTR complex by peptide NDPK-B 36–54 demonstrates that
the region of diversity between NDPK-A & B corresponding to amino acids 36–69 encompass-
ing the β-sheet of β2 and the α-helix αA, and which possesses an unusual leucine cluster and an
ideal structural surface location [70], is important for the cAMP/PKA-dependent interaction
with CFTR. In functional studies, the peptide NDPK-B 36-54-induced inhibition of CFTR
chloride conductance demonstrates that activation of CFTR-mediated currents by PKA is
dependent on NDPK-B forming a complex with CFTR. Given that NDPK-B interaction with
CFTR is cAMP/PKA-dependent, our application of peptide NDPK 36–54 to CFTR functional
analysis provides a novel tool to distinguish between effect of PKA-mediated CFTR phosphor-
ylation and the impact of NDPK-B/CFTR complex formation on CFTR function. In contrast,
peptide NDPK-A 36–54 neither disrupts the NDPK-B/CFTR complex nor inhibits cAMP/
PKA-dependent CFTR function providing both an ideal control and excluding non-specific
effects of a high peptide concentration. These data also suggest that NDPK-A may interact
with CFTR through a different mechanism.
Inhibition of CFTR function by peptide NDPK-B 36–54, despite PKA activation, also high-
lights the fact that, in addition to CFTR phosphorylation, other cellular processes are required
for CFTR activation. However, this is in contradiction to O’Riordan et al, who found that PKA
alone regulates highly purified CFTR reconstituted into planer lipid bi-layers [71]. Our data
suggest that although PKA undoubtedly activates CFTR directly in planer lipid bilayers, regula-
tion of function in vivo is a more complex process. For example, increasing evidence shows
that a number of proteins, including syntaxin 1A/syntaxin 8/AMPKα, exist in complex with
CFTR under basal conditions and inhibit CFTR function. The impact of PKA on CFTR func-
tion in lipid bilayers, in the presence of these naturally occurring inhibitory complexes is yet to
be analysed.
It has been repeatedly observed that CFTR interacts with and regulates a number of other
ion channels, including ORCC [72], ENaC [73] and ROMK [74]. Several possible mechanisms
have been proposed for these interactions, including changes in intracellular Cl- concentra-
tions, protein-protein interactions and a role of scaffolding proteins such as NHERF [75–77].
We measured whole cell cAMP-activated DIDS-sensitive (ORCC) and CFTR Cl- currents
(using DIDS and CFTRihn172). Incubation of the cells with peptide NDPK-B 36–54, decreased
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both CFTR and ORCC current magnitude indicating that both ORCC and CFTR are regulated
by the interaction with NDPK-B. As ORCC are also regulated by CFTR, the interaction with
NDPK-B may control CFTR-mediated regulation of other ion channels. Alternatively,
NDPK-B may target ORCC independently of CFTR.
It is as yet unclear whether NDPK-B also binds to other CFTR domains (particularly extra-
cellular domains, since several reports show NDPK-B as well as NDPK-A are released extracel-
lularly [78]). The interaction described herein between NDPK-B and NBD1 and its disruption
by NDPK-B 36–54 peptide strongly suggests that NDPK-B, following its cAMP/PKA-depen-
dent translocation to the plasma membrane, binds to CFTR via NBD1 domain. The mecha-
nism of cellular internalization of the NDPK-B 36–54 peptide is at present unclear. However,
recent reports show several types of peptides penetrate cells and traverse the plasma membrane
by various mechanisms including endocytosis and energy independent pathways [79]. In lower
organisms such as flies, worms, sponges and amoebae, it is now clear that NDPKs control the
balance between the different forms of cell nutrient uptake [21] (for example macro- versus
micro-pinocytosis in Amoebae) which has recently been linked to cell growth [20]. Thus exter-
nal peptide uptake might occur by interacting with the machinery governing nutrient uptake
and endocytosis.
In conclusion, our data identifies NDPK-B as a new modulator of the cAMP/PKA-depen-
dent ORCC and CFTR function in epithelia. Further understanding of NDPK-B regulation
should uncover novel pathways required for epithelial cell secretion and function. Given the
role of NDPK in accelerating nucleotide turnover (thus substantially increasing the activity of
proteins such as dynamin), NDPK could enhance the turnover of CFTR-dependent nucleotide
hydrolysis and further work will determine whether the discrepancy between fast gating and
slow ATP-ase activity of CFTR can be explained through NDPK-B’s augmentation and interac-
tion with CFTR. Recently, Amaral and Balch have set out a route map to understand the pleiot-
ropy in CF disease pathogenesis as a model of defective proteostasis [80]. Their review does not
focus on mechanism whereby a barely imperceptible 1 in 1480 amino acid deletion in CFTR
(the one) can lead to so many changes across networks. Our data on NDPK, AMPK and CFTR
could provide a new hypothesis to explain some of CF pleiotropy.
Supporting Information
S1 File. Images of whole western blots from which cut-outs in Figs 3–5 were made.
(PDF)
Acknowledgments
We would like to thank Professor D Gruenert (San Francisco, USA) for the 16HBE14o- cells,
Ms Jean McGraw for her input regarding SCC measurements in gut epithelia, Professor Philip
Thomas and the Cystic Fibrosis Folding Consortium for the generous gift of NBD1 proteins,
Dr Mario Pagano for his input regarding NBD1 overlay experiments and Professor Claude
Férec for his valuable input in the project and for his on-going support for the first author.
Author Contributions
Conceived and designed the experiments: RM AM CJT LR. Performed the experiments: LAB
MK GC DC IL EHP LR PT. Analyzed the data: LAB MK PT GC CJT IL DC AM RM. Contrib-
uted reagents/materials/analysis tools: IL EHP. Wrote the paper: MK GC IL LR AM RM.
NDPK-B Binds and Regulates CFTR
PLOSONE | DOI:10.1371/journal.pone.0149097 March 7, 2016 21 / 25
References
1. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, et al. Identification of the cystic
fibrosis gene: cloning and characterization of complementary DNA [published erratum appears in Sci-
ence 1989 Sep 29;245(4925):1437]. Science. 1989; 245(4922):1066–73. PMID: 2475911
2. Lepple-Wienhues A, Wieland U, Laun T, Heil L, Stern M, Lang F. A src-like kinase activates outwardly
rectifying chloride channels in CFTR-defective lymphocytes. FASEB journal: official publication of the
Federation of American Societies for Experimental Biology. 2001; 15(6):927–31. Epub 2001/04/09.
PMID: 11292652.
3. Di A, Brown ME, Deriy LV, Li C, Szeto FL, Chen Y, et al. CFTR regulates phagosome acidification in
macrophages and alters bactericidal activity. Nature cell biology. 2006; 8(9):933–44. Epub 2006/08/22.
doi: 10.1038/ncb1456 PMID: 16921366.
4. Luciani A, Villella VR, Esposito S, Brunetti-Pierri N, Medina D, Settembre C, et al. Defective CFTR
induces aggresome formation and lung inflammation in cystic fibrosis through ROS-mediated autop-
hagy inhibition. Nature cell biology. 2010; 12(9):863–75. Epub 2010/08/17. doi: 10.1038/ncb2090
PMID: 20711182.
5. Karp CL, Flick LM, Park KW, Softic S, Greer TM, Keledjian R, et al. Defective lipoxin-mediated anti-
inflammatory activity in the cystic fibrosis airway. Nature immunology. 2004; 5(4):388–92. Epub 2004/
03/23. doi: 10.1038/ni1056 PMID: 15034576.
6. Hernandez-Jimenez I, Fischman D, Cheriyath P. Colon cancer in cystic fibrosis patients: is this a grow-
ing problem? Journal of cystic fibrosis: official journal of the European Cystic Fibrosis Society. 2008; 7
(5):343–6. Epub 2008/04/01. doi: 10.1016/j.jcf.2008.02.006 PMID: 18374636.
7. Maisonneuve P, FitzSimmons SC, Neglia JP, Campbell PW 3rd, Lowenfels AB. Cancer risk in non-
transplanted and transplanted cystic fibrosis patients: a 10-year study. Journal of the National Cancer
Institute. 2003; 95(5):381–7. Epub 2003/03/06. PMID: 12618503.
8. BalchWE, Roth DM, Hutt DM. Emergent properties of proteostasis in managing cystic fibrosis. Cold
Spring Harbor perspectives in biology. 2011; 3(2). Epub 2011/03/23. doi: 10.1101/cshperspect.
a004499 PMID: 21421917.
9. Stoltz DA, Meyerholz DK, Welsh MJ. Origins of Cystic Fibrosis Lung Disease. New England Journal of
Medicine. 2015; 372(4):351–62. doi: 10.1056/NEJMra1300109WOS:000348204500010. PMID:
25607428
10. Kopito RR. Biosynthesis and Degradation of CFTR. Physiol Rev. 1999; 79(1):167–73.
11. Kalin N, Claass A, Sommer M, Puchelle E, Tummler B. DeltaF508 CFTR protein expression in tissues
from patients with cystic fibrosis. J Clin Invest. 1999; 103(10):1379–89. PMID: 10330420.
12. Borthwick LA, Botha P, Verdon B, Brodlie MJ, Gardner A, Bourn D, et al. Is CFTR-delF508 really absent
from the apical membrane of the airway epithelium? PLoS One. 2011; 6(8):e23226. Epub 2011/08/10.
doi: 10.1371/journal.pone.0023226 PMID: 21826241; PubMed Central PMCID: PMC3149652.
13. Bradbury NA, Jilling T, Berta G, Sorscher EJ, Bridges RJ, Kirk KL. Regulation of plasmamembrane
recycling by CFTR. Science. 1992; 256(5056):530–2. PMID: 1373908.
14. Borthwick LA, McGaw J, Conner G, Taylor CJ, Gerke V, Mehta A, et al. The Formation of the cAMP/
Protein Kinase A-dependent Annexin 2 S100A10 Complex with Cystic Fibrosis Conductance Regulator
Protein (CFTR) Regulates CFTR Channel Function. Mol Biol Cell. 2007; 18(9):3388–97. PMID:
17581860.
15. Naren AP, Nelson DJ, XieW, Jovov B, Pevsner J, Bennett MK, et al. Regulation of CFTR chloride chan-
nels by syntaxin and Munc18 isoforms. Nature. 1997; 390(6657):302–5. PMID: 9384384.
16. Hallows KR, Raghuram V, Kemp BE, Witters LA, Foskett JK. Inhibition of cystic fibrosis transmembrane
conductance regulator by novel interaction with the metabolic sensor AMP-activated protein kinase. J
Clin Invest. 2000; 105(12):1711–21. PMID: 10862786
17. Naren AP, Di A, Cormet-Boyaka E, Boyaka PN, McGhee JR, ZhouW, et al. Syntaxin 1A is expressed
in airway epithelial cells, where it modulates CFTR Cl(-) currents. J Clin Invest. 2000; 105(3):377–86.
PMID: 10675364.
18. Gabriel SE, Clarke LL, Boucher RC, Stutts MJ. CFTR and outward rectifying chloride channels are dis-
tinct proteins with a regulatory relationship. Nature. 1993; 363(6426):263–8. PMID: 7683773
19. Bosnar MH, Bago R, Cetkovic H. Subcellular localization of Nm23/NDPK A and B isoforms: a reflection
of their biological function? Molecular and cellular biochemistry. 2009; 329(1–2):63–71. Epub 2009/04/
18. doi: 10.1007/s11010-009-0107-4 PMID: 19373546.
20. Annesley SJ, Bago R, Mehta A, Fisher PR. A genetic interaction between NDPK and AMPK in Dictyos-
telium discoideum that affects motility, growth and development. Naunyn-Schmiedeberg's archives of
pharmacology. 2011; 384(4–5):341–9. Epub 2011/03/05. doi: 10.1007/s00210-011-0615-0 PMID:
21374069.
NDPK-B Binds and Regulates CFTR
PLOSONE | DOI:10.1371/journal.pone.0149097 March 7, 2016 22 / 25
21. Takacs-Vellai K, Vellai T, Farkas Z, Mehta A. Nucleoside diphosphate kinases (NDPKs) in animal
development. Cellular and molecular life sciences: CMLS. 2015; 72(8):1447–62. doi: 10.1007/s00018-
014-1803-0 MEDLINE:PMID: 25537302.
22. Parks RE Jr, and Agarwal R.P. Nucleoside Diphosphate Kinase. In: D. BP, editor. The Enzymes. New
York: Academic Press; 1973. p. 307–31.
23. Postel EH. NM23-NDP kinase. Int J Biochem Cell Biol. 1998; 30(12):1291–5. PMID: 9924799
24. Lascu I, Gonin P. The catalytic mechanism of nucleoside diphosphate kinases. J Bioenerg Biomembr.
2000; 32(3):237–46. PMID: 11768307.
25. Engel M, Veron M, Theisinger B, Lacombe ML, Seib T, Dooley S, et al. A novel serine/threonine-spe-
cific protein phosphotransferase activity of Nm23/nucleoside-diphosphate kinase. Eur J Biochem.
1995; 234(1):200–7. PMID: 8529641
26. Roymans D, Willems R, Van Blockstaele DR, Slegers H. Nucleoside diphosphate kinase (NDPK/
NM23) and the waltz with multiple partners: possible consequences in tumor metastasis. Clin Exp
Metastasis. 2002; 19(6):465–76. PMID: 12405283.
27. Bosnar MH, De Gunzburg J, Bago R, Brecevic L, Weber I, Pavelic J. Subcellular localization of A and B
Nm23/NDPK subunits. Exp Cell Res. 2004; 298(1):275–84. PMID: 15242782.
28. Gilles AM, Presecan E, Vonica A, Lascu I. Nucleoside diphosphate kinase from human erythrocytes.
Structural characterization of the two polypeptide chains responsible for heterogeneity of the hexameric
enzyme. J Biol Chem. 1991; 266(14):8784–9. PMID: 1851158.
29. Mesnildrey S, Agou F, Veron M. The in vitro DNA binding properties of NDP kinase are related to its
oligomeric state. FEBS Lett. 1997; 418(1–2):53–7. PMID: 9414094
30. Hippe HJ, Lutz S, Cuello F, Knorr K, Vogt A, Jakobs KH, et al. Activation of heterotrimeric G proteins by
a high energy phosphate transfer via nucleoside diphosphate kinase (NDPK) B and Gbeta subunits.
Specific activation of Gsalpha by an NDPK B.Gbetagamma complex in H10 cells. J Biol Chem. 2003;
278(9):7227–33. PMID: 12486122.
31. Cuello F, Schulze RA, Heemeyer F, Meyer HE, Lutz S, Jakobs KH, et al. Activation of heterotrimeric G
proteins by a high energy phosphate transfer via nucleoside diphosphate kinase (NDPK) B and Gbeta
subunits. Complex formation of NDPK B with Gbeta gamma dimers and phosphorylation of His-266 in
Gbeta. J Biol Chem. 2003; 278(9):7220–6. PMID: 12486123.
32. Rochdi MD, Laroche G, Dupre E, Giguere P, Lebel A, Watier V, et al. Nm23-H2 interacts with a G pro-
tein-coupled receptor to regulate its endocytosis through an Rac1-dependent mechanism. J Biol Chem.
2004; 279(18):18981–9. PMID: 14976202.
33. Srivastava S, Li Z, Ko K, Choudhury P, Albaqumi M, Johnson AK, et al. Histidine phosphorylation of the
potassium channel KCa3.1 by nucleoside diphosphate kinase B is required for activation of KCa3.1
and CD4 T cells. Mol Cell. 2006; 24(5):665–75. PMID: 17157250.
34. Hippe HJ, Abu-Taha I, Wolf NM, Katus HA, Wieland T. Through scaffolding and catalytic actions nucle-
oside diphosphate kinase B differentially regulates basal and beta-adrenoceptor-stimulated cAMP syn-
thesis. Cellular signalling. 2011; 23(3):579–85. Epub 2010/11/30. doi: 10.1016/j.cellsig.2010.11.010
PMID: 21111809.
35. King JD Jr., Lee J, Riemen CE, Neumann D, Xiong S, Foskett JK, et al. Role of binding and nucleoside
diphosphate kinase A in the regulation of the cystic fibrosis transmembrane conductance regulator by
AMP-activated protein kinase. J Biol Chem. 2012; 287(40):33389–400. doi: 10.1074/jbc.M112.396036
PMID: 22869372; PubMed Central PMCID: PMC3460441.
36. Schwiebert EM, Kizer N, Gruenert DC, Stanton BA. GTP-binding proteins inhibit cAMP activation of
chloride channels in cystic fibrosis airway epithelial cells. Proc Natl Acad Sci U S A. 1992; 89
(22):10623–7. PMID: 1279687.
37. Carson MR, Welsh MJ. Structural and functional similarities between the nucleotide-binding domains of
CFTR and GTP-binding proteins. Biophysical journal. 1995; 69(6):2443–8. Epub 1995/12/01. doi: 10.
1016/S0006-3495(95)80113-X PMID: 8599650; PubMed Central PMCID: PMC1236481.
38. Muimo R, Banner SJ, Marshall LJ, Mehta A. Nucleoside diphosphate kinase and Cl(-)-sensitive protein
phosphorylation in apical membranes from ovine airway epithelium. Am J Respir Cell Mol Biol. 1998;
18(2):270–8. PMID: 9476915
39. Marshall LJ, Muimo R, Riemen CE, Mehta A. Na+ and K+ regulate the phosphorylation state of nucleo-
side diphosphate kinase in human airway epithelium. Am J Physiol. 1999; 276(1 Pt 1):C109–19. PMID:
9886926
40. Muimo R, Crawford RM, Mehta A. Nucleoside diphosphate kinase A as a controller of AMP-kinase in
airway epithelia. J Bioenerg Biomembr. 2006; 38(3–4):181–7. PMID: 17039396.
NDPK-B Binds and Regulates CFTR
PLOSONE | DOI:10.1371/journal.pone.0149097 March 7, 2016 23 / 25
41. Heidbuchel H, Callewaert G, Vereecke J, Carmeliet E. Acetylcholine-mediated K+ channel activity in
guinea-pig atrial cells is supported by nucleoside diphosphate kinase. Pflugers Arch. 1993; 422
(4):316–24. PMID: 8382361
42. Jilling T, Kirk KL. Cyclic AMP and Chloride-dependent Regulation of the Apical Constitutive Secretory
Pathway in Colonic Epithelial Cells. J Biol Chem. 1996; 271(8):4381–7. PMID: 8626788
43. MacDonald NJ, De la Rosa A, Benedict MA, Freije JM, Krutsch H, Steeg PS. A serine phosphorylation
of Nm23, and not its nucleoside diphosphate kinase activity, correlates with suppression of tumor meta-
static potential. J Biol Chem. 1993; 268(34):25780–9. PMID: 8245015
44. Anciaux K, Van Dommelen K, Willems R, Roymans D, Slegers H. Inhibition of nucleoside diphosphate
kinase (NDPK/nm23) by cAMP analogues. FEBS Lett. 1997; 400(1):75–9. PMID: 9000516
45. Gruenert DC, Willems M, Cassiman JJ, Frizzell RA. Established cell lines used in cystic fibrosis
research. J Cyst Fibros. 2004; 3 Suppl 2:191–6. PMID: 15463957.
46. Cozens AL, Yezzi MJ, Kunzelmann K, Ohrui T, Chin L, Eng K, et al. CFTR expression and chloride
secretion in polarized immortal human bronchial epithelial cells. Am J Respir Cell Mol Biol. 1994; 10
(1):38–47. PMID: 7507342
47. Muimo R, Hornickova Z, Riemen CE, Gerke V, Matthews H, Mehta A. Histidine phosphorylation of
annexin I in airway epithelia. Journal of Biological Chemistry. 2000; 275(47):36632–6. doi: 10.1074/jbc.
M000829200WOS:000165577700026. PMID: 10956639
48. Mwimbi XK, Muimo R, Green MW, Mehta A. Making human nasal cilia beat in the cold: a real time
assay for cell signalling. Cell Signal. 2003; 15(4):395–402. PMID: 12618214.
49. Hardcastle J, Hardcastle PT, Chapman J, Taylor CJ. Ursodeoxycholic acid action on the transport func-
tion of the small intestine in normal and cystic fibrosis mice. J Pharm Pharmacol. 2001; 53(11):1457–
67. PMID: 11732748.
50. Ramjeesingh M, Kidd JF, Huan LJ, Wang Y, Bear CE. Dimeric cystic fibrosis transmembrane conduc-
tance regulator exists in the plasmamembrane. Biochem J. 2003; 374(Pt 3):793–7. PMID: 12820897.
51. Schwiebert EM, Flotte T, Cutting GR, GugginoWB. Both CFTR and outwardly rectifying chloride chan-
nels contribute to cAMP- stimulated whole cell chloride currents. Am J Physiol. 1994; 266(5 Pt 1):
C1464–77. PMID: 7515570
52. Ma T, Thiagarajah JR, Yang H, Sonawane ND, Folli C, Galietta LJ, et al. Thiazolidinone CFTR inhibitor
identified by high-throughput screening blocks cholera toxin-induced intestinal fluid secretion. J Clin
Invest. 2002; 110(11):1651–8. PMID: 12464670.
53. Kozakov D, Brenke R, Comeau SR, Vajda S. PIPER: An FFT-based protein docking program with pair-
wise potentials. Proteins-Structure Function and Bioinformatics. 2006; 65(2):392–406. doi: 10.1002/
prot.21117WOS:000240748700013.
54. Chen R, Li L, Weng ZP. ZDOCK: An initial-stage protein-docking algorithm. Proteins-Structure Function
and Genetics. 2003; 52(1):80–7. doi: 10.1002/prot.10389WOS:000183383500014.
55. Phillips JC, Braun R, WangW, Gumbart J, Tajkhorshid E, Villa E, et al. Scalable molecular dynamics
with NAMD. Journal of Computational Chemistry. 2005; 26(16):1781–802. doi: 10.1002/jcc.20289
WOS:000233021400007. PMID: 16222654
56. Kraeft SK, Traincart F, Mesnildrey S, Bourdais J, Veron M, Chen LB. Nuclear localization of nucleoside
diphosphate kinase type B (nm23-H2) in cultured cells. Exp Cell Res. 1996; 227(1):63–9. PMID:
8806452
57. Pinon VP, Millot G, Munier A, Vassy J, Linares-Cruz G, Capeau J, et al. Cytoskeletal association of the
A and B nucleoside diphosphate kinases of interphasic but not mitotic human carcinoma cell lines: spe-
cific nuclear localization of the B subunit. Exp Cell Res. 1999; 246(2):355–67. PMID: 9925751.
58. Strelkov SV, Perisic O, Webb PA, Williams RL. The 1.9 A crystal structure of a nucleoside diphosphate
kinase complex with adenosine 3',5'-cyclic monophosphate: evidence for competitive inhibition. J Mol
Biol. 1995; 249(3):665–74. PMID: 7783219.
59. Ostedgaard LS, Meyerholz DK, Chen JH, Pezzulo AA, Karp PH, Rokhlina T, et al. The DeltaF508 muta-
tion causes CFTRmisprocessing and cystic fibrosis-like disease in pigs. Science translational medi-
cine. 2011; 3(74):74ra24. Epub 2011/03/18. doi: 10.1126/scitranslmed.3001868 PMID: 21411740;
PubMed Central PMCID: PMC3119077.
60. Penque D, Mendes F, Beck S, Farinha C, Pacheco P, Nogueira P, et al. Cystic fibrosis F508del patients
have apically localized CFTR in a reduced number of airway cells. Lab Invest. 2000; 80(6):857–68.
PMID: 10879737
61. Gadsby DC, Nairn AC. Control of CFTR channel gating by phosphorylation and nucleotide hydrolysis.
Physiol Rev. 1999; 79(1 Suppl):S77–S107. PMID: 9922377.
NDPK-B Binds and Regulates CFTR
PLOSONE | DOI:10.1371/journal.pone.0149097 March 7, 2016 24 / 25
62. Smith DL, Chen CC, Bruegger BB, Holtz SL, Halpern RM, Smith RA. Characterization of protein
kinases forming acid-labile histone phosphates in Walker-256 carcinosarcoma cell nuclei. Biochemis-
try. 1974; 13(18):3780–5. PMID: 4368488.
63. Ramjeesingh M, Li C, Garami E, Huan LJ, Galley K, Wang Y, et al. Walker mutations reveal loose rela-
tionship between catalytic and channel-gating activities of purified CFTR (cystic fibrosis transmem-
brane conductance regulator). Biochemistry. 1999; 38(5):1463–8. Epub 1999/02/04. doi: 10.1021/
bi982243y PMID: 9931011.
64. Jih KY, Hwang TC. Vx-770 potentiates CFTR function by promoting decoupling between the gating
cycle and ATP hydrolysis cycle. Proc Natl Acad Sci U S A. 2013; 110(11):4404–9. doi: 10.1073/pnas.
1215982110 PMID: 23440202; PubMed Central PMCID: PMCPMC3600496.
65. Sorum B, Czege D, Csanady L. Timing of CFTR Pore Opening and Structure of Its Transition State.
Cell. 2015; 163(3):724–33. doi: 10.1016/j.cell.2015.09.052 PMID: 26496611.
66. Engel M, Issinger OG, Lascu I, Seib T, Dooley S, Zang KD, et al. Phosphorylation of nm23/nucleoside
diphosphate kinase by casein kinase 2 in vitro. Biochem Biophys Res Commun. 1994; 199(2):1041–8.
PMID: 8135777
67. Lacombe ML, Milon L, Munier A, Mehus JG, Lambeth DO. The human Nm23/nucleoside diphosphate
kinases. J Bioenerg Biomembr. 2000; 32(3):247–58. PMID: 11768308
68. Wielinga PR, van der Heijden I, Reid G, Beijnen JH, Wijnholds J, Borst P. Characterization of the
MRP4- and MRP5-mediated transport of cyclic nucleotides from intact cells. The Journal of biological
chemistry. 2003; 278(20):17664–71. Epub 2003/03/15. doi: 10.1074/jbc.M212723200 PMID:
12637526.
69. Li C, Krishnamurthy PC, Penmatsa H, Marrs KL, Wang XQ, Zaccolo M, et al. Spatiotemporal coupling
of cAMP transporter to CFTR chloride channel function in the gut epithelia. Cell. 2007; 131(5):940–51.
Epub 2007/11/30. doi: 10.1016/j.cell.2007.09.037 PMID: 18045536; PubMed Central PMCID:
PMC2174212.
70. Webb PA, Perisic O, Mendola CE, Backer JM, Williams RL. The crystal structure of a human nucleo-
side diphosphate kinase, NM23-H2. J Mol Biol. 1995; 251(4):574–87. PMID: 7658474.
71. O'Riordan CR, Erickson A, Bear C, Li C, Manavalan P, Wang KX, et al. Purification and characterization
of recombinant cystic fibrosis transmembrane conductance regulator from Chinese hamster ovary and
insect cells. J Biol Chem. 1995; 270(28):17033–43. PMID: 7542655.
72. Egan M, Flotte T, Afione S, Solow R, Zeitlin PL, Carter BJ, et al. Defective regulation of outwardly recti-
fying Cl- channels by protein kinase A corrected by insertion of CFTR. Nature. 1992; 358(6387):581–4.
PMID: 1380129.
73. Stutts MJ, Rossier BC, Boucher RC. Cystic fibrosis transmembrane conductance regulator inverts pro-
tein kinase A-mediated regulation of epithelial sodium channel single channel kinetics. J Biol Chem.
1997; 272(22):14037–40. PMID: 9162024
74. Lu M, Leng Q, Egan ME, Caplan MJ, Boulpaep EL, Giebisch GH, et al. CFTR is required for PKA-regu-
lated ATP sensitivity of Kir1.1 potassium channels in mouse kidney. J Clin Invest. 2006; 116(3):797–
807. PMID: 16470247.
75. Ji HL, Chalfant ML, Jovov B, Lockhart JP, Parker SB, Fuller CM, et al. The cytosolic termini of the beta-
and gamma-ENaC subunits are involved in the functional interactions between cystic fibrosis trans-
membrane conductance regulator and epithelial sodium channel. J Biol Chem. 2000; 275(36):27947–
56. PMID: 10821834.
76. Yoo D, Flagg TP, Olsen O, Raghuram V, Foskett JK, Welling PA. Assembly and trafficking of a multipro-
tein ROMK (Kir 1.1) channel complex by PDZ interactions. J Biol Chem. 2004; 279(8):6863–73. PMID:
14604981.
77. Bachhuber T, Konig J, Voelcker T, Murle B, Schreiber R, Kunzelmann K. Cl- interference with the epi-
thelial Na+ channel ENaC. J Biol Chem. 2005; 280(36):31587–94. PMID: 16027156.
78. Stutts MJ, Lazarowski ER, Paradiso AM, Boucher RC. Activation of CFTR Cl- conductance in polarized
T84 cells by luminal extracellular ATP. Am J Physiol. 1995; 268(2 Pt 1):C425–33. PMID: 7532359
79. Copolovici DM, Langel K, Eriste E, Langel U. Cell-Penetrating Peptides: Design, Synthesis, and Appli-
cations. Acs Nano. 2014; 8(3):1972–94. doi: 10.1021/nn4057269WOS:000333539400016. PMID:
24559246
80. Amaral MD, Balch WE. Hallmarks of therapeutic management of the cystic fibrosis functional land-
scape. J Cyst Fibros. 2015. doi: 10.1016/j.jcf.2015.09.006 PMID: 26526359.
81. Morera S, Lacombe ML, Xu Y, LeBras G, Janin J. X-ray structure of human nucleoside diphosphate
kinase B complexed with GDP at 2 A resolution. Structure. 1995; 3(12):1307–14. PMID: 8747457.
NDPK-B Binds and Regulates CFTR
PLOSONE | DOI:10.1371/journal.pone.0149097 March 7, 2016 25 / 25
